Promoting the development of collaborative innovation networks is crucial for cities to achieve sustainable innovation. Hangzhou was selected as a case study. Based on the cooperation patent data from 2000 to 2017, we examined the scale problem, calculated the topology, and analyzed the coordination mechanisms and spatial characteristics of the topology structure. The results show that in terms of the development trend, collaborative innovation is an important pathway for innovation, and multi-subject collaborative innovation is necessary. Collaborative innovation occurs between enterprises and between enterprises and universities. With regards to topological structure, we found "Zhejiang University as a center, other universities as cores", with the characteristics of diffusion development and fragmentation. In terms of spatial structure, we observed a networked spatial organization model with multiple centers, such as universities and industrial parks. A circle with a radius of five kilometers around a university was found to be an area of highly concentrated innovation subjects that are synergistically associated with universities. On this basis, the laws are summarized and suggestions are provided to support the research and practice of urban innovation spatial planning in China.
Introduction
The United Nations World Commission on Environment and Development officially proposed a sustainable development model in the report Our Common Future in 1897. The model is complex involving population, resources, environment, the economy, and other natural and social factors [1] . All these factors are affected by innovation. Innovation has shown power to solve the severe survival problems faced by the development of human society. It has gradually emerged from a narrow focus of only pursuing high economic growth, transitioning to pursuing the sustainable and harmonious development of nature, the economy, and society. Innovation is a necessary condition for sustainable economic development, and an important means to solve the negative impacts produced by science and technology [2] . Therefore, we must realize the importance of the dialectical relationship of technological innovation as the driving force for sustainable development, and sustainable development must rely upon innovation.
As the largest developing country in the world today, China has a large population but lacks resources. A crude industrial production mode has led to the consumption of natural resources and the destruction of the ecological environment. People now realize that sustainable development is 2 of 18 essential due to awareness of problems such as resource depletion, energy shortages, and deterioration of the ecological environment. Given this realization, the original mode of extensive expansion at the expense of the environment has slowed. To address the bottleneck of urban development and promote the new normal of the economy, cities must transition from factor-and investment-driven development to innovation-driven development [3] .
The development of innovation activities requires innovation space, which is the clustering material form projection in urban physical space of innovation activities-a series of knowledge-based economic activities such as science and technology, research, and communication [4] . Yigitcanlar and Lonnqvist found through research on multiple cities that innovation space has significantly different development characteristics and laws to traditional urban space [5] . As the space carrier of innovation, the uniqueness of innovation space prevents the simply application of traditional urban spatial planning and management theory. Traditional incremental simple space production is not suitable for current social and economic innovation development. Innovation space is a spatial material carrier based on the innovation activity development mechanism. Studying the development law and organization mode of innovation space through the mechanism of the innovation process is necessary for spatial planning of innovation space.
Innovation activities have a special organization and development mechanism, and their spatial development law is different from the traditional urban function due to their complexity and flexibility [6] . Research showed that the development of innovation activities has experienced the evolution process of "technical promotion and demand-driven linear model-complex coupling and parallel mode-cooperative innovation network model" [7, 8] . The network structure is the most effective organizational model for achieving collaborative innovation and development [9, 10] . A collaborative innovation network that facilitates the flow of knowledge, information, and other elements between innovation entities can achieve huge innovation effect [11] . Therefore, the cultivation and development of the collaborative innovation network is the key development direction for achieving sustainable innovation development [12] . As a material space containing innovative activities, the innovation space has corresponding development laws and organizational characteristics. Studying the organizational characteristics and spatial structure of the urban collaborative innovation network is necessary to promote sustainable innovation and development in cities.
Collaborative networks are the current innovation development paradigm, and social network analysis (SNA) is an important, mature, and appropriate research method for researching this type of network. SNA is a quantitative analysis method developed by sociologists based on mathematical methods and graph theory that is used to measure and investigate the characteristics of each part of the social system and their relationship with each other within the form of a network [13] . This method incorporates a set of theories, methods, and techniques that represent the whole process of relational patterns and characteristics [14] . SNA perfects the traditional analysis method that considers the individual as the research object, paying attention to the relationship between individuals and explaining individual behavior from the perspective of the group [15] . As a unique method of analyzing group relationship networks in sociology, SNA can be used to establish a model of the relationships among various innovation subjects in the collaborative network, and discover the relationships that describe the evolution characteristics of the collaborative network and the law of urban innovation collaborative network development. SNA has been used to study the innovation connections between cities at the macro scale, whereas collaborative innovation networks within a city have not been studied. Urban-scale spatial planning is more operable than at the regional scale to achieve sustainable innovation, and more attention should be paid to research on the collaborative innovation networks within cities.
We think that (1) innovation is the driving force of sustainable development. The sustainable development of the urban economy must shift from resource-to innovation-driven development.
(2) The cultivation and development of collaborative innovation networks is the key development direction for achieving sustainable innovation and development. (3) SNA can effectively and Sustainability 2019, 11, 5988 3 of 18 scientifically describe the structural characteristics and development laws of urban collaborative networks. Patent data reflects effective innovation output, and the research on collaborative innovation networks using cooperative patents has been widely recognized by scholars. Innovation activities require innovation space, and the development of innovation space can promote innovation. The city is the basic and most important unit that can effectively implement innovation development policies and plans. It is important to conduct research on collaborative innovation networks and their spatial characteristics on the urban scale based on the inherent coordination of innovation activities. However, research is lacking on collaborative innovation networks within cities. Therefore, based on patent data, we applied the social network method to empirically study the development law of the structural characteristics of a city's collaborative innovation network, explore the internal relationship of urban innovation activities and its spatial laws, and then implement spatial planning. Our findings have important theoretical and practical significance for promoting the transition of the dynamic mechanism of urban development and achieving sustainable development.
The remainder of this article is structured as follows: Section 2 provides a literature review; Section 3 describes the research method and data; Section 4 outlines observations of the overall development process, trends, problems, and evolution of the collaborative innovation output of the city, and provides a calculation of the topology structure and spatial structure characteristics of the collaborative innovation network; and Section 5 includes our discussion, conclusions, and recommendations.
Literature Review
Innovation is a system, and the cohesion between the various innovation subjects in the system determines the innovation efficiency of the system. According to the theory of innovation, Schumpeter stated that innovation is a reorganization of the elements linked to socio-economic transformation and development, and is different from the development paradigm of the industrial economy [16] . Based on the characteristics of the innovation development paradigm, since the concept of the innovation system was first proposed by Lundvall [17] , different scholars have studied the functional structure and dynamic mechanism of innovation development from a system perspective, and proposed that the innovation model should shift from focusing on the composition of elements to the association of elements. Etzkowitz and Leydesdorff [18] reported that universities, enterprises, and governments are the three major innovation factors, and the three interact to promote the spiral of innovation. The research space created by universities, research institutes, and enterprises transforms the elements of technological innovation into scientific and technological achievements, and enterprises develop applications and extension technologies on the core technologies absorbed. Adner and Kapoor [19] considered the innovation system as the coordination and symbiosis system of the resources of innovation, and stated that the collaboration and integration of the government, industry, and research is indispensable to innovation. The coordination between the various innovation subjects is the basic functioning mechanism and development driving force of the innovation system.
A collaborative innovation network is an effective organizational model for achieving sustainable innovation. With the integration of innovation resources and the cohesion of behavioral actors, the innovation process has experienced a simple linear technology-driven mode, linear market-driven mode, technology-market interaction mode, system integration mode, and collaborative network mode [7, 8] . The innovation model development has become a multi-systematic network process that combines multiple factors. Freeman [20] stated that the contribution of the network to the role of innovation is a relatively new area of research, and the formation and the network emerges in response to organizations' need for knowledge. Jacobides and Billinger [21] thought that the innovation process no longer only occurs within enterprise boundaries or in a single industry, but is increasingly distributed in complementary network behaviors formed by resource differences. Ritter and Gemunden [22] showed that the companies that have close relationships with customers, suppliers, research institutions, and competitors are more likely to have higher product and process innovation success. Xie et al. [23] considered collaborative innovation networks as an effective framework to enable knowledge transfer between firms, and their findings revealed that the network size, network tie-strength, and network centrality determine the level of knowledge transfer performance. The innovation network emphasizes that the innovation subjects (including enterprises, universities, research institutions, intermediary organizations, and governments) implement the transmission of explicit or tacit knowledge through formal or informal institutional arrangements in the network for collaborative innovation [24, 25] .
Research on innovation networks is more consistently focusing on revealing their characteristics. People have begun to pay attention to how space matters in collaboration innovation on the macro scale. Li et al. [26] examined the topological and spatial features of urban innovation networks in China, and analyzed the evolution of scientific knowledge networks (SKNs) and technological knowledge networks (TKNs) with published papers and applied patents in the biotechnology field from 2000 to 2012. Lifener and Hennemann [27] analyzed the spatial configurations of knowledge networks and their overlap with spatial concentrations, such as urban agglomerations, and proposed a type of spatial concentrations in knowledge networks. Peschl and Thomas [28] proposed that space is important for collaborative innovation networks, enabling a more suitable approach to innovation. Space can be designed so that it enables and facilitates processes of collaborative knowledge creation and innovation. Cohen et al. [29] noted the increasing role of cities as drivers for innovation and entrepreneurship, and framed the innovation space as being cultivated by proactive cities. At the macro scale, research on collaborative innovation networks is gradually being conducted. Taking the Yangze River Delta urban agglomeration as the study object, Zhou et al. [30] analyzed the innovation network structure and measured the innovation network statutes based on cooperative patents.
Most studies characterized collaborative innovation networks with innovative outputs. Hoekman et al. [31] analyzed inter-regional research collaboration as measured by scientific publications and patents with multiple addresses, covering 1316 regions in 29 European countries. To study the structure and evolution of the global technological collaboration network, De Prato and Nepelski [32] used the patent-based data of international co-inventions and applied network analysis. The use of patent data to observe and analyze the organizational mechanism and spatial development characteristics of innovation activities has become a more common research strategy [33, 34] . Patent data reflects effective innovation output, and the reliability of the distribution characteristics and development laws of innovation activities based on patent data has been verified [35] [36] [37] . The research on collaborative innovation networks using cooperative patents has been widely recognized by scholars [38] .
In terms of research methods, through a case study of Sophia-Antipolis in France, TerWal [39] investigated to what extent collective learning networks have emerged throughout the growth of the business park. Scherngell and Hu [40] investigated collaborative knowledge production in China from a regional perspective, illustrated by spatial patterns of research collaborations between 31 Chinese regions, and estimated the impact of geographical, technological, and economic factors on the variation of cross-region collaboration activities within a negative binomial gravity model framework. Huallacháin and Lee [41] used social network analysis to explore the changing structures of collaborative systems of inter-metropolitan co-patenting in American biotechnology from 1979 to 2009. Through the literature review, we learned that scholars have used social networks, complex network analysis methods, and spatial interaction models (gravity, gravity models) to conduct considerable research using patents to measure the structural characteristics and evolution process of inter-regional innovation networks at the provincial, urban agglomeration, national, and even global spatial scales. Cultivating and building a collaborative innovation network is necessary for achieving sustainable innovation. However, studies are lacking about the intrinsic connection and spatial structure characteristics of collaborative innovation networks based on the collaboration of innovation activities at the urban scale. The macro-scale research results lack effective explanatory power for development on the urban scale, and the technical path of research on the urban scale is based on the spatial distribution of innovation activities [42] . Since researchers have not analyzed of the intrinsic link between innovation activities, this has affected the universal significance of the research conclusions.
Therefore, in the context of the implementation of innovative development in China's cities, we examined the collaborative innovation networks at the urban scale, looking at their organizational characteristics, and the spatial laws and planning development strategies at the level of urban material forms play an important role in the development of policy measures and spatial planning for urban innovation and development. Research on collaborative innovation networks on the region scale has been conducted, whereas research on the urban scale is absent. This study fills the gap in research on collaborative innovation networks at the relatively microscopic urban scale. We not only explain the collaborative connection mechanism from the perspective of topological structure, but also analyze the spatial distribution characteristics of collaborative innovation networks within a city. This research could help support the planning and construction of innovation space.
Research Method and Data

Research Objective
A city is an important spatial carrier for innovation activities. The cultivation and development of collaborative innovation networks is key to improving innovation efficiency and achieving the sustainable development of an innovation economy. Our research objective was to provide a spatial measure of the healthy development of urban collaborative innovation networks through research on the organization mechanism and spatial characteristics of urban collaborative innovation networks, which can be used to improve the efficiency of urban innovation and development.
To realize this objective, we: (1) analyzed the growth of cooperative patent data; observed the overall development process, trends, and problems of the collaborative innovation output of the city; and identified the composition of innovation subjects and the main relationships. (2) We used SNA to calculate collaborative innovation relationships to analyze the topology structure of the collaborative innovation network to depict the organization mechanism and further explain the correlation between the innovation network organization structure and coordinate innovation output. (3) The spatial structure characteristics of the collaborative innovation network were calculated using ArcMap10 (ESRI, Genelux, CA, USA, 2010). We proposed spatial development rules for the urban collaborative innovation network.
Research Object
Hangzhou, which is a typical and representative city in the field of innovation and development in China, was selected as the study object. The specific scope included: Xihu District, Shangcheng District, Xiacheng District, Gongshu District, Jianggan District, Binjiang District, Xiaoshan District, Yuhang District, and Fuyang District, including a total of 123 towns.
Data Collection and Cleaning
First, we collected patent application data from the State Intellectual Property Office of China for Hangzhou City from 2000 to 2017 were collected, totaling 406,565 data points.
We obtained cooperation information through data cleaning. The individual application subjects lacking spatial location information were removed, and the patent data from single application subjects were further removed, for a final total of 18,746 cooperative patent data points. The cooperation patent application data of two or more entities were using the two-two crossover, and 32,526 partnerships were identified.
According to the spatial location information, the cooperation relationship data occurring inside the city were obtained. The Amap (Amap, Beijing, China, 2010) and ArcMap10 (ESRI, Genelux, CA, USA, 2010) were used to spatially locate the coordinate information of the cooperative patent application subjects, and 20,225 partnerships that were created in Hangzhou were screened out to observe and analyze the collaborative innovation network structure of the city.
Research Method
The SNA method and UCINET6 (UCI, Irvine, CA, USA, 2008) were used to calculate and analyze the overall network structure and internal structural characteristics of the collaborative innovation relationships from the aspects of the overall network structure, sub-group composition, and network centrality. UCINET6 (UCI, Irvine, California, USA, 2008) and ArcMap10 (ESRI, Genelux, California, USA, 2010) were used to visually analyze the topology structure and the spatial distribution of the collaborative innovation network.
Analysis of the Overall Structure of the Collaborative Innovation Network
Indicators of the network center index, network density, and average distance were used to measure and analyze the overall structure of the collaborative innovation network. The network center index can be used to measure the extent to which an entire collaborative innovation network is concentrated toward a center. Network density refers to the ratio of the total number of contacts existing in the collaborative innovation network to the total number of possible contacts. The denser the network, the closer the relationship between collaborative innovation entities. The average distance refers to the number of nodes that any two innovative entities in the network need to produce collaborative innovation. The larger the average distance, the more difficult the creation of collaborative innovation among the innovation subjects [13] .
Analysis of the Centrality of the Collaborative Innovation Network
The measure of network centrality can be used to analyze the inherent structural features of the collaborative innovation network from the perspective of the system structure. Specific indicators include the degree centrality and betweenness centrality of the node. The degree centrality of the node is the total number of other nodes directly contacted, which reflects the importance of the node in the network. The betweenness centrality of a node is calculated as the fraction of shortest paths between node pairs that pass through the node of interest. Betweenness is a measure of the influence of a node over the spread of information throughout the network. The higher the betweenness centrality of the node, the more control over other nodes, and the more network resources that the node manipulates [43] .
Analysis of the Composition of Sub-Groups in the Collaborative Innovation Network
A closer coordination exists between the innovation entities in the same sub-group, and the links between the sub-groups are relatively weak [43] . Through analyzing sub-population composition, the organization and aggregation characteristics of the collaborative innovation network can be studied from the perspective of the collaboration mechanism. Therefore, sub-group composition and network centrality provides important information for studying the internal structure and organizational characteristics of collaborative networks from different perspectives. annual increase of 241.25 patents. The third stage (2011-2017) showed high-volatility growth, with an average annual increase of 247.83 patents and with significant volatility and instability ( Figure 1 ).
Research Results
Analysis of the Growth Scale and Development Trend
Although the quantity of cooperative patents has shown overall growth overall, the proportion out of all patents remained low. Especially more recently, the growth trend of cooperative patents has not only shown significant instability, but also a trend of a relative growth rate that is lower than for single-subject patents, and a decline in their proportion.
According to the above calculation and analysis, the collaboration innovation output of Hangzhou has experienced problems with unstable development, a slower relative growth rate, and a decline in the overall proportion of patents, which will negatively impact its long-term and sustainable innovation development. Although the quantity of cooperative patents has shown overall growth overall, the proportion out of all patents remained low. Especially more recently, the growth trend of cooperative patents has not only shown significant instability, but also a trend of a relative growth rate that is lower than for single-subject patents, and a decline in their proportion.
According to the above calculation and analysis, the collaboration innovation output of Hangzhou has experienced problems with unstable development, a slower relative growth rate, and a decline in the overall proportion of patents, which will negatively impact its long-term and sustainable innovation development. 
Evolution Characteristics of Innovation Subjects in the Collaborative Innovation Network
The development trend of the multi-subjects of collaborative innovation was obvious. The collation and calculation of innovation subjects in the network showed that the subjects include four types: enterprises, universities, scientific research institutions, and government departments. The number of innovation subjects and the cooperative relationships increased significantly during 2000-2017 (Figures 2 and 3) . 
The development trend of the multi-subjects of collaborative innovation was obvious. The collation and calculation of innovation subjects in the network showed that the subjects include four types: enterprises, universities, scientific research institutions, and government departments. The number of innovation subjects and the cooperative relationships increased significantly during 2000-2017 (Figures 2 and 3) . Although the quantity of cooperative patents has shown overall growth overall, the proportion out of all patents remained low. Especially more recently, the growth trend of cooperative patents has not only shown significant instability, but also a trend of a relative growth rate that is lower than for single-subject patents, and a decline in their proportion.
The development trend of the multi-subjects of collaborative innovation was obvious. The collation and calculation of innovation subjects in the network showed that the subjects include four types: enterprises, universities, scientific research institutions, and government departments. The number of innovation subjects and the cooperative relationships increased significantly during 2000-2017 (Figures 2 and 3) . Of the subject types, there were the most enterprises, and the innovation ability of universities was the strongest. Under the trend of multi-subject collaborative innovation, the number of enterprises and cooperative relationships in which they were involved were the largest and grew the fastest compared with the other subjects. In terms of average participation (Table 1) , enterprises were increasingly active in collaboration innovation. Generally, the average participation of enterprises, research institutions, and government departments was still much lower than that of universities; that is, universities were the most active subjects with the strongest innovation ability in the collaborative innovation network. In terms of cooperation type (Table 2) , the cooperation amongst enterprises and the cooperation between enterprises and universities were the most important collaborative innovation types. The cooperation between enterprises was the largest and grew fastest. Note: Average participation is the ratio of the number of cooperative relationships in which one type innovation subject is involved to the number of the subjects, which can reflect the innovation ability of various innovation subjects. 15,160 in 2011-2017 . Simultaneously, the growth of annual average collaborative innovation output did not increase significantly, and showed volatility. This shows that the collaborative innovation between enterprises was inefficient and uncertain. Of the subject types, there were the most enterprises, and the innovation ability of universities was the strongest. Under the trend of multi-subject collaborative innovation, the number of enterprises and cooperative relationships in which they were involved were the largest and grew the fastest compared with the other subjects. In terms of average participation (Table 1) , enterprises were increasingly active in collaboration innovation. Generally, the average participation of enterprises, research institutions, and government departments was still much lower than that of universities; that is, universities were the most active subjects with the strongest innovation ability in the collaborative innovation network. In terms of cooperation type (Table 2) , the cooperation amongst enterprises and the cooperation between enterprises and universities were the most important collaborative innovation types. The cooperation between enterprises was the largest and grew fastest. Note: Average participation is the ratio of the number of cooperative relationships in which one type innovation subject is involved to the number of the subjects, which can reflect the innovation ability of various innovation subjects. According to the calculation results, the increase in the collaborative innovation relationships between enterprises was huge, from 1761 in 2006-2010 to 15,160 in 2011-2017. Simultaneously, the growth of annual average collaborative innovation output did not increase significantly, and showed volatility. This shows that the collaborative innovation between enterprises was inefficient and uncertain.
Evolution of the Topology Structure of the Collaborative Innovation Network
Collaborative innovation generally showed growth during the period of 2000 to 2017. However, more recently, growth has shown significant volatility and instability and a decline in the relative growth Sustainability 2019, 11, 5988 9 of 18 rate and proportion. Therefore, the organizational topology structure and evolution characteristics of the collaborative innovation network needed to be calculated and analyzed to explain the characteristics and problems of scale growth, and support the corresponding spatial law and space planning interventions.
Overall Structural Characteristics of the Network
Based on the cooperative relationship of collaborative innovation subjects, the corresponding relationship matrix was established. UCINET6 (UCI, Irvine, CA, USA, 2008) was used to calculate the network center potential, network density, and average distance, which can be used to depict the overall topology structure and help with understanding the overall development process and trend of the Hangzhou collaborative innovation network ( Table 3 ). The calculation results showed that the network center index and network density declined during the whole period from 2000 to 2017, and the average distance continued to increase. This indicates that the collaborative innovation network had a loosening trend, and the connection strength between innovation subjects was declining. 
Analysis of Network Centrality
The degree centrality and betweenness centrality were calculated ( Table 4 ). The results showed that with the development of the collaborative innovation network, universities have become the key factor within the collaborative innovation network structure of Hangzhou, and they control the circulation of network resources. The basic topological structure form was Zhejiang University as the center, other universities as cores, and enterprises as nodes of the collaborative innovation. Table 4 . Central structure index of the collaborative innovation network.
Stage Top Five Nodes in Degree Centrality Top Five Nodes in Betweenness Centrality
UCINET6 (UCI, Irvine, CA, USA, 2008) was applied to visually analyze the sub-groups of the collaborative innovation network and each sub-group contained at least three innovation nodes (Figure 4) . The results showed that the number of sub-groups was increasing rapidly (Table 5 ). According to the sub-group formation process, the structure of the network was characterized by fragmentation. As the largest collaboration innovation subject, enterprises had not formed a synergistic relationship with the center and cores of the collaboration innovation network, but rather formed relatively closed and small-scale cooperation sub-groups between enterprises. As a result, the collaboration innovation network of the city had the structural characteristics of diffusion and fragmentation. 
Analysis of the Spatial Structure of the Collaborative Innovation Network
The aim of the topological analysis was to abstract spatial elements into points and lines to quantify the coordination between urban innovation subjects. Spatial structure analysis can reflect the actual structural characteristics of the topological structure in geospatial terms. Only by transforming the network topology analysis into concrete spatial structure analysis the spatial development laws and characteristics of urban collaborative innovation networks be discovered.
According to the research, the urban collaborative innovation network does not have a horizontal and uniform network structure, but has certain hierarchical characteristics: a collaborative center (Zhejiang University), collaborative cores (Zhejiang University of Technology and other universities), and innovation nodes (general innovation subjects, mainly enterprises). Universities have absolute control over the structure and factor flow of the collaborative innovation network in Hangzhou. Therefore, according to the 2011-2017 cooperation results, ArcMap10 (ESRI, Genelux, CA, USA, 2010) was used to spatially visualize the collaborative innovation relationships in which universities are involved and other collaborative innovation relationships in which general innovation subjects are involved to grasp the spatial structure of the collaborative innovation network.
Spatial Distribution Characteristics of Universities' Collaboration Innovation Relationships
Universities are the important center and cores of the collaboration innovation network, and the relationships in which they are involved cover the main built-up area of the city ( Figure 5) . The area within a radius of five kilometers from the center of a university contains a high concentration of 
Analysis of the Spatial Structure of the Collaborative Innovation Network
Spatial Distribution Characteristics of Universities' Collaboration Innovation Relationships
Universities are the important center and cores of the collaboration innovation network, and the relationships in which they are involved cover the main built-up area of the city ( Figure 5) . The area within a radius of five kilometers from the center of a university contains a high concentration of innovation subjects that have synergistic relationships with the university, such as Zhejiang University Yuquan Campus, Zhejiang University of Technology, Zhejiang Sci-Tech University, and China Jilang University. The innovation subjects with collaborative relationships with universities were characterized by spatial agglomeration development in urban central areas and industrial parks, and a scattered distribution in other areas. The universities had different spatial synergistic relationship orientations (Table 6 ).
Sustainability 2019, 11, x FOR PEER REVIEW 11 of 18 innovation subjects that have synergistic relationships with the university, such as Zhejiang University Yuquan Campus, Zhejiang University of Technology, Zhejiang Sci-Tech University, and China Jilang University. The innovation subjects with collaborative relationships with universities were characterized by spatial agglomeration development in urban central areas and industrial parks, and a scattered distribution in other areas. The universities had different spatial synergistic relationship orientations (Table 6 ). 
Spatial Distribution Characteristics of Other Collaboration Innovation Relationships of General Subjects
The general innovation subjects were mostly enterprises, and the spatial characteristics of the synergistic relationships in which they were involved showed that collaborative innovation relationships occurred among the main industrial parks in Hangzhou, such as Dajiangdong Industrial Cluster, Xiaoshan Economic Development Zone, Hangzhou National High-Tech in Binjiang District, and so on ( Figure 6 ). Fewer collaborative relationships were found between enterprises in the same industrial agglomeration area. The contribution of enterprise agglomeration in the industrial parks to collaboration innovation was not obvious. 
Conclusions and Recommendations
Topology Structure of the Collaborative Innovation Network
Conclusions and Recommendations
Topology Structure of the Collaborative Innovation Network
Universities and enterprises were the main subjects of collaborative innovation in the city. The collaborative relationships of the university-enterprise and enterprise-enterprise are the main connections in the city's collaborative innovation network. The intrinsic connection mechanism (topological relationship) of the network has an important influence on the growth of the urban collaborative innovation output. The relative proportion of university-enterprise relationships declined significantly, while the enterprise-enterprise relationships increased. This intensified the fragmentation of the collaborative innovation network. The fragmentation leaded to the slowdown of the innovation output growth and the instability of the growth process. It is important to improve the connectivity between the university-enterprise to improve collaborative innovation.
The topological structure of the collaborative innovation network within the city has multiple levels of overlapping features that can be divided into the largest sub-group, other sub-group, and outside sub-group. The largest group is driven by universities and composed of university-enterprise and enterprise-enterprise relationships. It is featured by a multi-center networked structure and constitutes the main body of the collaborative innovation network. The other sub-group and outside sub-group are mainly composed of enterprise-enterprise relationships, which are featured by a fragmented network structure.
In summary, the topology indicators of the collaborative innovation network reflect the different development characteristics of the three stages. From 2000 to 2005, the collaborative innovation network was characterized by high concentration and close connection (the network center potential was 0.28, average distance was 2.40, and the network density was 0.011). The collaborative innovation network included small-scale subjects coordinated closely with Zhejiang University as the collaborative center. The slow growth of the innovation output characterized the collaborative innovation development at this stage. From 2007 to 2010, the collaborative innovation relationship network tended to diffuse (the network center was 0.29, the average distance increased to 3.26, and the network density dropped sharply to 0.003). It basically formed a collaborative innovation network structure with Zhejiang University as the collaborative innovation center, other universities as collaborative innovation cores, and enterprises as collaborative innovation nodes. The innovation output showed a trend of continuous rapid growth. From 2010 to 2017, the collaboration innovation network further diffused (the network center potential dropped to 0.16, the average distance increased to 3.82, and the network density dropped to 0.002). In addition to the collaborative innovation network structure with Zhejiang University as the center, other universities as cores, and enterprises as nodes, many sub-groups formed outside the main structure of the network. The majority of innovation subjects in these sub-groups were enterprises. Simultaneously, the average annual collaborative innovation output at this stage was 244.83 patents, which was almost the same as the 241.25 patents in the previous stage (2007) (2008) (2009) (2010) . The significant increase in sub-groups outside the main network structure minimally contributed to the growth of the innovation output, and led to the fragmentation of the network. Therefore, under the development trend of multi-subject collaboration innovation, it is necessary to optimize the collaborative innovation network structure and to promote the collaborative innovation between enterprises and universities, as well as between enterprises, to further enhance the innovation output. Under this linkage mechanism, a spatial plan is needed to adjust the structure of the collaborative innovation network to promote the optimization of the network from a spatial perspective, which could considerably contribute to the growth of innovation output.
Spatial Characteristics of the Collaborative Innovation Network and Recommendations
Spatial Characteristics of the Collaborative Innovation Network
In terms of the spatial organization structure, traditional urban space develops in a circle-level model centered on the city's central business district. The traditional urban spatial organization model is no longer suitable for innovation given the flexibility and complexity of innovation development. Innovation subjects concentrate around universities and industrial parks, and collaborative innovation activities often occur between the clusters, increasing the strength of the spatial correlation among clusters. Therefore, the spatial distribution of urban collaborative innovation networks has multi-center and networked development trends and characteristics. Under the networked linkage mechanism, the spatial structure of the collaborative network is formed by small-scale spatial agglomeration and large-scale spatial connection.
In terms of the key space of the collaborative innovation network, according to the calculation results, universities have the strongest innovation ability, and their collaborative innovation with enterprises is one of the most important cooperation relationships. The collaborative innovation circle within a radius of five kilometers around a university is an area where innovation subjects synergistically related to the university were highly concentrated. Universities play an innovative role in the key areas and promote collaborative innovation. In the spatial layout of the Hangzhou collaborative innovation network, the areas surrounding Zhejiang University, Zijingang Campus, and Zhejiang University City College already had industrial clusters, such as Xihu Science and Technology Park and Cross-Trade Town, but the universities and industrial clusters have not established collaborative innovation relationships with each other. The areas surrounding these universities have not developed into collaborative innovation highland, and the function of these universities as cores has not been fully realized. Another key area for collaborative innovation is the downtown area, with the densely distributed enterprises. Downtown is important for improving the connectivity of the collaborative innovation network.
The calculation results also show three important spatial connections: university-industrial park, downtown-industrial park, and industrial park-industrial park. These spatial connections have no spatially similar distribution characteristics; that is, the intensity of spatial connection is not affected by spatial distance.
In terms of the impact factors, the spatial policy of urban innovation development is closely related to the aggregation of innovation subjects and significantly impacts the spatial structure of an urban collaboration innovation network. The planning and construction of urban fringe areas, such as college towns, campuses of universities, and economic development zones, have become important for the aggregation of innovation subjects and important nodes of the collaboration innovation network due to the concentration of talents and technology. The urban central area has a higher level of innovation agglomeration compared with fringe areas.
In terms of industrial agglomeration, the innovation subjects of the Hangzhou collaboration innovation network are concentrated in physical space, but with less collaboration innovation relationships between each other. The physical distance is close but the network distance is far. The agglomeration of innovation subjects is likely to be an important condition for promoting innovation, but it does not guarantee the agglomeration of innovation. Whether the agglomeration can promote innovation depends on the process of collaboration innovation among subjects.
Recommendations
In this study, we identified some of Hangzhou's collaborative innovation spatial characteristics, which is a representative innovative city in China. The optimization of the collaboration innovation network should shift from focusing on increasing the number of subjects to the construction of collaborative relationships between subjects. The contribution of increasing the number of innovation subjects simply to promote the scale of innovation output is no longer obvious. Spatial planning should be used as a method to optimize the network structure of collaboration innovation, which could promote the establishment of collaboration innovation relationships among subjects and promote innovation. Based on the spatial development characteristics of the collaborative innovation network, the following spatial planning recommendations were proposed:
(1) Overall, the collaborative innovation network has a multi-center networked spatial organization model. Therefore, according to the spatial characteristics of the network structure, attention should be paid to the spatial connection amongst universities and industrial parks in terms of transportation, guaranteeing the smooth flow of innovation resources such as talent, logistics, and information to promote collaborative innovation.
(2) Universities are collaborative innovation network centers. The closer a company is to the network center, the more favorable for the innovation output. The cooperation innovation with universities is the key path for enterprises in the sub-groups outside the main network structure to be embedded within the innovation network. The five-kilometer radius around a university is an important physical location for collaborative innovation. Therefore, the space surrounding universities should be updated and optimized, matching corresponding innovation spaces and creating a collaborative innovation circle around universities. Improving the school-enterprise cooperation mechanism is important for promoting the cooperation between universities and enterprises.
(3) Innovation subjects are highly concentrated in the downtown, which can provide a better urban environment than fringe areas and remote suburbs. Therefore, we should pay attention to the optimal use of downtown space. The widespread use of information and the Internet is changing the traditional spatial location of innovative companies, as well as changing the traditional path of promoting downtown renewal with businesses and business offices. The new trend of innovative enterprise agglomeration is a new path for the revival of downtown areas. The typical investment-driven feature is the formation of a central business district or a central activity zone, whereas being innovation-driven may encourage the formation of a central intelligence zone with innovation as its core activity in the downtown area.
(4) Industrial parks should allocate corresponding sharing service facilities according to the preference of innovative talent, and increase their informal communication opportunities. Enterprises can collaborate with each other by sharing service facilities. Enterprises in the same industry have homogeneous knowledge and can easily cooperate. Heterogeneous knowledge exchanges between enterprises from different industries could motivate innovation ideas. Therefore, the functional area planning of industrial parks should be guided by industry categories to form a spatial organization model with small agglomerations and large integration, to provide conditions for industrial cluster innovation and shift innovation elements from a simple space concentration to cluster innovation development.
In summary, our research objective was to study the organization mechanism and spatial structure characteristics of collaborative innovation networks on an urban-scale. Our findings fill the gap in research on urban scale of collaborative innovation networks. Based on the statistical data of collaborative innovation patents of 2000-2017 from Hangzhou, we analyzed the growth trend of innovation output, and SNA was used to visually analyze the topology structure of the collaborative innovation network. We also calculated and analyzed the spatial scale effect of the collaborative innovation network relationships and the spatial characteristics of the collaborative innovation network. We defined key areas and important spatial connections for collaborative innovation development. We explained the organization mechanism and spatial characteristics of urban collaborative innovation, and reviewed problems and strategies that may arise in the process of urban innovation development. The results and conclusions provide theoretical tools and measures for scientific formulations and the implementation of urban innovation development policies and plans.
Discussion
This empirical research, with Hangzhou as an example, has international significance for other cities. In the era of the knowledge-based economy, innovation is the trend in urban development. The collaborative innovation network characterized by innovation patents has a multi-center structure. Knowledge production spaces such as universities and high-tech industrial parks have become nodes of the network. Promoting collaborative innovation among innovation subjects is the key to improving innovation efficiency. Universities are important knowledge creators in the innovation system and the core nodes of the network. Cooperation with universities is the key path to embed into the innovation network. Enterprises should pay more attention to innovative application development. We should promote the coordination between universities and enterprises, and build a scientific and technological innovation service platform to improve school-enterprise collaboration. The area surrounding the university is important for collaborative innovation and appropriate space and facilities should be provided. In the industrial park, a cooperation platform should be built to integrate resources, help enterprises find partners, and promote collaborative innovation among enterprises.
SNA is a relatively mature research method for analyzing social relationships. We used SNA to analyze the collaborative innovation relationships and spatial connections among innovation subjects, and to describe the evolution process of the collaborative innovation network within the city. SNA takes the innovation subject as the point and the connection between the subjects as the line. It provides a quantitative test tool for empirical research to objectively quantitatively analyze various relationships in the network. SNA can be used to characterize the overall structure of the network through the network-center index, network density, and average length, and to analyze individual behaviors though indicators such as the node center degree, intermediate center degree, and sub-group.
We selected the urban scale as the research scale and depicted the collaborative innovation network within the city in detail. However, there were some limitations to the study. The city's collaborative innovation network were multi-scale, cross-border collaborative innovation networks that had not been analyzed in the study and should be further researched in the future. In addition, cooperative patents were not the only aspect available to consider when measuring collaborative innovation. Future research should comprehensively consider various cooperation methods, such as cooperative studies and cooperative scientific research projects to fully reflect the development law of the urban collaborative innovation network.
